This occurs by an autophagic tube, a specialized vacuolar membrane invagination that pinches off vesicles into the vacuolar lumen. In this study we have identified the VTC (vacuolar transporter chaperone) complex as required for microautophagy. The VTC complex is present on the ER and vacuoles and at the cell periphery. On induction of autophagy by nutrient limitation the VTC complex is recruited to and concentrated on vacuoles. The VTC complex is inhomogeneously distributed within the vacuolar membranes, showing an enrichment on autophagic tubes. Deletion of the VTC complex blocks microautophagic uptake into vacuoles. The mutants still form autophagic tubes but the production of microautophagic vesicles from their tips is impaired. In line with this, affinity-purified antibodies to the Vtc proteins inhibit microautophagic uptake in a reconstituted system in vitro. Our data suggest that the VTC complex is an important constituent of autophagic tubes and that it is required for scission of microautophagic vesicles from these tubes.
INTRODUCTION
Autophagy occurs in all eukaryotic cells (Reggiori and Klionsky, 2002) . In yeast it has mainly been characterized as an adaptation to nutrient stress such as nitrogen limitation: during autophagy large portions of cytosolic and membraneous material are delivered to the lysosome (in yeast called vacuole) for degradation and recycling (Takeshige et al., 1992) . This phenomenon enables cells to survive long periods of starvation. However, in higher eukaryotes autophagy also plays an important role in developmental changes (Levine and Klionsky, 2004) , regulation of lifespan (Bergamini et al., 2003; Longo and Finch, 2003; Melendez et al., 2003; Vellai et al., 2003) , cancer (Qu et al., 2003; Yue et al., 2003; Gozuacik and Kimchi, 2004) , and in neurodegenerative disorders like Huntington's, Parkinson's, or Alzheimer's disease (Yuan et al., 2003) . It is also part of the innate immune system assisting in eliminating intracellular pathogens after infection (Gutierrez et al., 2004; Nakagawa et al., 2004; Ogawa et al., 2005) .
Macroautophagy in yeast is defined as the uptake of cytosolic contents by fusion of double-layered vesicles (autophagosomes) with vacuoles (Baba et al., 1994) . Autophagosomes originate from a preautophagosomal structure (PAS) in the vicinity of the vacuole and, during their formation, enwrap portions of cytosol. Fusion of the outer autophagosomal layer with the vacuolar membrane liberates autophagic bodies (single-layered intravacuolar vesicles) into the vacuolar lumen for degradation (Takeshige et al., 1992) . Relevant actors of macroautophagy (Atg proteins; Klionsky et al., 2003) have been identified, mainly by genetic screens (Tsukada and Ohsumi, 1993; Thumm et al., 1994; Harding et al., 1995 Harding et al., , 1996 Titorenko et al., 1995) and have been studied intensively over the last decade.
Little is known about microautophagy, a process consisting of a direct invagination of the vacuolar boundary membrane and budding of autophagic bodies into the vacuolar lumen (Muller et al., 2000; Sattler and Mayer, 2000; Kunz et al., 2004) . Microautophagy of soluble cytosolic components is topologically equivalent to invaginations occurring during multivesicular body (MVB) formation at the endosome, piecemeal microautophagy of the nucleus (PMN) (Roberts et al., 2003) into the yeast vacuole and micropexophagy in methylotrophic yeasts (Veenhuis et al., 1983; Tuttle et al., 1993; Tuttle and Dunn, 1995; Sakai et al., 1998; Mukaiyama et al., 2002 Mukaiyama et al., , 2004 . Although microautophagy of soluble components, like macroautophagy, is induced by nitrogen starvation and rapamycin (a pharmacological agent inhibiting Tor kinase signaling) and although pexophagic vacuole invagination depends on Atg proteins (Hutchins et al., 1999; Kim et al., 1999; Yuan et al., 1999; Stromhaug et al., 2001) , there is no evidence that Atg proteins are directly involved in either PMN (Roberts et al., 2003) or microautophagic uptake. Macroautophagy seems to be a prerequisite for microautophagy to occur, however . Microautophagy is controlled by the TOR and EGO (composed of proteins Ego1p, Gtr2p, and Ego3p) signaling complexes (Dubouloz et al., 2005) . It leads to direct uptake and degradation of the vacuolar boundary membrane. Hence the process could compensate the enormous influx of membrane caused by macroautophagy. Based on this evidence, microautophagy appears to be required for the transition from the rapamycin-induced growth arrest to logarithmic growth (Dubouloz et al., 2005) and for maintenance of organellar size and membrane composition rather than for cell survival under nutrient restriction.
Autophagic tubes (microautophagic vacuole invaginations) show dramatically reduced density of transmembrane particles toward their tips, i.e., toward the site where autophagic bodies pinch off into the vacuolar lumen. Microautophagic vesicles share this exceptional ultrastructural feature with nascent autophagosomes (Muller et al., 2000) . Also nascent autophagosomes are virtually free of intramembraneous particles, suggesting that membrane removal by microautophagy might compensate macroautophagic membrane influx both in terms of quantity and quality. Microautophagic vacuole invagination could be reconstituted in a cell-free system composed of purified vacuoles and cytosolic extracts (Muller et al., 2000; Sattler and Mayer, 2000) . Using a pharmacological approach, the in vitro uptake reaction could be dissected into different kinetic stages (Kunz et al., 2004) . According to their ability to block the reaction at different kinetic stages, these inhibitors have been defined as early acting class A inhibitors (nystatin, GTP␥S, aristolochic acid) and late acting class B inhibitors (W-7, valinomycin/FCCP, K252a, and rapamycin). A putative W-7 target, calmodulin (Cmd1p), acts late during invagination in a calcium-independent way (Uttenweiler et al., 2005) .
In this study we have identified the vacuolar transporter chaperone (VTC) complex as a bona fide Cmd1p target in microautophagy. The VTC complex is enriched at the vacuolar membrane, but also localizes to other cellular compartments (Cohen et al., 1999; Ogawa et al., 2000; Muller et al., 2003) . All Vtc proteins contain three C-terminal transmembrane helices. In contrast to Vtc1p, which is small and almost completely embedded in the membrane, Vtc2p, Vtc3p, and Vtc4p possess a large hydrophilic N-terminal domain that faces the cytosol . Vtc proteins have been implicated in several aspects of membrane transport and vesicular traffic (Cohen et al., 1999; Johnson, 2000, 2001; Nelson et al., 2000; Muller et al., 2002 Muller et al., , 2003 . Here, we have used a combination of microscopic and biochemical approaches to test the role of the VTC complex during microautophagy.
MATERIALS AND METHODS

Sources of Chemicals
W-7 and colorimetric chymotrypsin substrate I (Calbiochem, La Jolla, CA), EGTA (Roth, Karlsruhe, Germany), yeast lytic enzyme (ICN Biochemicals, Costa Mesa, CA), ␣-Chymotrypsin (Sigma, St. Louis, MO), calmodulin sepharose 4B (Amersham Biosciences, Piscataway, NJ), protein A agarose (Roche, Indianapolis, IN), monoclonal mouse anti-His 6 -antibody (Qiagen, Chatsworth, CA), Ophiobolin A (Sigma), rapamycin (Alexis, Gruenberg, Germany). Drugs were suspended as 5-100ϫ stock solution in PS buffer (200 mM sorbitol, 10 mM PIPES/KOH, pH 6.8; W-7, EGTA) or DMSO (ophiobolin A, rapamycin, chymotrypsin substrate I) and stored at Ϫ20°C.
Yeast Strains
Strain BY4727 (wild type) and corresponding knockout strains OMY20 (⌬vtc1), OMY21 (⌬vtc2), and OMY22 (⌬vtc3) have been described previously . Wild-type VTC4 and the corresponding ⌬vtc4 strain were derived from diploid strain BY262 by sporulation: they are the haploid parental strains that had been used for generating ⌬pep4 strains SBY86 and SBY83 as described before (Muller et al., 2002) . Strains Y10000 (BY4742, wild type), Y10212 (⌬vtc1), Y17273 (⌬vtc2), Y12809 (⌬vtc3), Y16780 (⌬vtc4), Y15382 (⌬atg3), Y13104 (⌬atg8), Y15078 (⌬ego1), Y14793 (⌬gtr2), and Y13214 (⌬ego3) were purchased from Euroscarf (Frankfurt, Germany). Strain K91-1A was kindly provided by Y. Kaneko. Strains DBY5734 (CMD1 wild type), DBY5706 (cmd1-226), DBY5708 (cmd1-228), DBY5713 (cmd1-233), DBY5719 (cmd1-239; Ohya and Botstein, 1994) , and CRY1 (CMD1 wild type), IGY149 (cmd1-6), IGY148 (cmd1-5; Geiser et al., 1991) also have been described before. GFPPho8p was expressed in wild-type strain DBY5734.
Yeast cells were cultured, and cytosol from strains K91-1A was prepared as described previously .
Vacuole preparation was performed as described previously , but by using yeast lytic enzyme (from Arthrobacter luteus, ICN catalogue number 360944, final concentration: 3.27 mg/ml) or ␤-1,3-glucanase from Oerskovia xanthineolytica (Shen et al., 1991; Nichols et al., 1997; expressed in Escherichia. coli strain RSB 805, final concentration 0.67 mg/ml) instead of oxalyticase. For storage of vacuoles, glycerol (10% wt/vol from a 50% stock) was added to a fresh vacuole suspension. The suspension was frozen as little nuggets in liquid nitrogen and stored at Ϫ80°C (Kunz et al., 2004) .
In Vitro Microautophagy Assay
A standard reaction had a volume of 45 l and was composed of: vacuoles (0.2 mg/ml, either freshly prepared or thawed from a Ϫ80°C stock), 6.8 mg/ml (K91-1A-cells) cytosol from starved cells, 105 mM KCl, 7 mM MgCl 2 , 2.2 mM ATP, 88 mM disodium creatine phosphate, 175 U/ml (0.463 g/ml) creatine kinase, 17 g/ml luciferase, 100 M DTT, 0.1 mM pefabloc SC, 0.5 mM o-phenanthrolin, 0.5 g/ml pepstatin A, 200 mM sorbitol, 10 mM PIPES/ KOH, pH 6.8. This mixture was incubated for 1 h at 27°C. For measuring luciferase uptake the samples were chilled on ice, diluted with 300 l 150 mM KCl in PS buffer, and centrifuged (6500 ϫ g, 3 min, 2°C, fixed angle table top centrifuge). The pellet was washed once more with 150 mM KCl in PS buffer and resuspended in 55 l 150 mM KCl in PS buffer. Proteinase K was added (0.3 mg/ml from 18ϫ stock) and incubated on ice for 23 min. Digestion was stopped by adding 55 l 1 mM phenylmethylsulfonylfluoride (PMSF)/150 mM KCl in PS buffer. Luciferase activity was determined using an assay kit according to the manufacturer's instruction (Berthold Detection Systems, Pforzheim, Germany): 25 l of sample was mixed with 25 l of lysis buffer, and 50 l of substrate mix was added directly before counting light emission in a microplate luminometer (LB 96 V, Berthold Technologies, Bad Wildbad, Germany). Alkaline phosphatase activity was determined in a 25-l aliquot as described previously to serve as an internal reference for the quantity of pelleted vacuoles. Uptake activity was calculated as the quotient of luciferase activity over alkaline phosphatase activity (counts per second/OD 405 per min) and normalized to an uninhibited standard reaction (60 min, 27°C), which was set to 100%. In some mutant strains the level of mature alkaline phosphatase was different (checked by Western blot or alkaline phosphatase assay; data not shown). When comparing such yeast strains, uptake activity was hence not referred to alkaline phosphatase activity but to the protein content of the vacuoles.
Thin-Section Electron Microscopy
Yeast cells were cryoimmobilized by high-pressure freezing as described previously (Hohenberg et al., 1994) . In short, living specimen were sucked into cellulose microcapillaries of 200-m diameter and 2-mm-long capillary tube segments were transferred to aluminum platelets of 200 m depth containing 1-hexadecene. The platelets were sandwiched with platelets without any cavity and then frozen with a high-pressure freezer (Bal-Tec HPM 010, Balzers, Liechtenstein). Extraneous hexadecene was removed from the frozen capillary tubes under liquid nitrogen. The frozen capillaries were transferred to 2-ml microtubes with screw caps (Sarstedt no. 72.694) containing the substitution medium precooled to Ϫ90°C. Samples for ultrastructural studies were kept in a freeze-substitution unit (Balzers FSU 010, Bal-Tec) in 2% osmium tetroxide in anhydrous acetone at Ϫ90°C for 32 h, warmed up to Ϫ60°C within 3 h, kept at Ϫ60°C for 4 h, warmed up to Ϫ40°C within 2 h, and kept there for 4 h. After washing with acetone, the samples were transferred into an acetone-Epon mixture at Ϫ40°C, infiltrated at room temperature (RT) in Epon and polymerized at 60°C for 48 h. Samples for immuno/affinity labeling were processed in 0.5% acrolein (WT Vtc4 and ⌬vtc4) or uranyl acetate (WT Vtc3 and ⌬vtc3) in anhydrous ethanol using the same temperature/time schedule for freeze-substitution. After washing with ethanol, the samples were transferred into an ethanol-Lowicryl K11M mixture, infiltrated with the polar methacrylate resin Lowicryl K11M (Polysciences, Eppelheim, Germany), and polymerized by UV irradition at Ϫ40°C for 48 h. Immunolabeling was done as described previously (Tommassen et al., 1985; van Bergen en Henegouwen and Leunissen, 1986 ) using affinity-purified antibodies to Vtc3p (N-terminal SPX domain) or to Vtc4p. Anti-Vtc3p (rabbit, 0.5 g/ml in 0.1% acetylated BSA) and anti-Vtc4p (goat, 3.2 g/ml in 0.2% gelatin and 0.5% BSA in PBS) were detected via protein A labeled with 15-nm gold particles (the signal for anti-Vtc4p was enhanced with an anti-goat antibody in between). Ultrathin sections, stained with uranyl acetate, were viewed in a Philips CM10 electron microscope at 60 kV.
N-Terminal Tagging of Vtc Proteins with GFP
The genes coding for Vtc1p-Vtc4p were genomically tagged by means of a PCR-based method using the plasmid pYM-N9 (Euroscarf) as described before (Janke et al., 2004) . The tagged proteins were expressed at their genomic locus under control of an integrated ADH promotor in the wild-type yeast strain BY4742 (Euroscarf).
Protein Expression
His 6 -GST-tagged Vtc domains were expressed in E. coli BL21 in LB medium containing 25 g/ml kanamycin. Expression was induced at OD 600 ϭ 0.5 with 0.5 mM IPTG (isopropyl-thiogalactopyranoside) for 5 h at 25°C. Cells were lysed on ice by sonication in TBS (50 mM Tris/Cl, pH 8, 0.5% Triton X-100, 150 mM NaCl) protein lysates were cleared by centrifugation (93,000 ϫ g, 20 min, 4°C) and stored as aliquots at Ϫ80°C in TBS (50 mM Tris/Cl, pH 8, 0.5% Triton X-100, 150 mM NaCl, 10% glycerol: calmodulin binding assays) or PS buffer containing 10% glycerol (rescue experiments with vtc knockout strains).
Membrane Preparation
Total membranes were prepared from spheroplasted cells according to the protocol for preparation of vacuoles (see above), using 1 mM PMSF in the spheroplasting buffer. Flotation was carried out for 45 min, and membranes were harvested at a 8%-0% ficoll interface.
Immunoprecipitation
Equal amounts of total membranes (1-2 mg/ml) were solubilized (15 min, 4°C) on a shaker in 50 mM Tris, pH 6.8, 100 mM NaCl, 30 mM CHAPS [3-(3-cholamidopropyl-dimethylammonio)-1-propane-sulfonate] in the presence of 0.1 mM pefabloc SC, 0.5 mM o-phenanthrolin, 0.5 g/ml pepstatin A, and 1 mM CaCl 2 or 2 mM EGTA. Solubilizates were centrifuged (20,000 ϫ g, 10 min, 2°C, fixed angle table top centrifuge). Supernatant, 500-1000 l, was incubated with 20 l of protein A agarose beads (washed three times in solubilization buffer) and 20 g of affinity-purified anti-Cmd1p antibodies for 1.5 h at 4°C on a rotator. Beads were washed twice with 500 l of binding buffer and once with binding buffer without detergent. Proteins were eluted by heating for 10 min at 95°C in sample buffer and separated by SDS-PAGE on a 10 -15% gradient gel. Proteins were immunodetected after Western blot to a nitrocellulose membrane.
Binding Assay to Calmodulin Sepharose
Protein lysates (protein concentrations were 3-5 mg/ml, and 8 -32 l were used per tube for binding assay) were diluted in 800 l of TBS buffer and incubated on a rotator with 20 l of calmodulin Sepharose beads (washed three times in TBS buffer) in the presence of 2 mM CaCl 2 or EGTA for 3 h at 4°C or for 1 h at RT. Beads were washed once with 1 ml of TBS containing 2 mM CaCl 2 or EGTA. Proteins were eluted from beads by heating for 10 min at 95°C in sample buffer and separated by SDS-PAGE. Vtc3p was immunodetected after Western blot onto nitrocellulose.
Limited Proteolysis
A 2ϫ in vitro microautophagic reaction (volume 90 l, without luciferase) was run in the presence of 50 M Ca 2ϩ . After incubation for 1 h at 27°C, the samples were chilled on ice, diluted with 600 l 150 mM KCl in PS buffer, and centrifuged (6500 ϫ g, 6 min, 2°C, fixed angle table top centrifuge). The pellet was resuspended in 500 l of 150 mM KCl in PS buffer. Chymotrypsin was added from a 1 mg/ml stock and the sample was incubated on ice. Digestion was stopped after 10 min by adding 750 l of chloroforme/methanol mixture (1:2). Precipitated proteins were heated for 10 min at 95°C in sample buffer and separated by SDS-PAGE on a 10% gel. Vtc3p fragments were immunodetected after Western blot to nitrocellulose. Chymotrypsin activity (0.05 mg/ml) was measured by cleaving chymotrypsin substrate I (2 mg/ml from a 5ϫ stock). The reactions were run in a 96-well microtiter plate (total reaction volume 100 l) in 150 mM KCl in PS buffer at RT. The cleavage of the substrate was monitored by measuring the increasing absorbance at 405 nm.
RESULTS
Micorautophagy induces vacuolar structures that clearly differ from those seen on rich media. These autophagic tubes show strongly curved membranes at the sites where they invaginate from the vacuolar boundary membrane, an increased lipid to protein ratio toward the tip of the invagination, and fission of membrane vesicles at this tip (Muller et al., 2000) . These findings suggested a role for certain lipids or lipid modifying proteins in the overall process. This is plausible considering that the lipid composition determines the spontaneous curvature of lipid bilayers and hence their propensity to form buds or invaginations. In accordance with the suggested role for lipids, low-molecular-weight inhibitors targeting lipid modifying enzymes and lipids had strong effects on microautophagy (Kunz et al., 2004) . Because recent findings in our group provide evidence for a role of the VTC proteins in vacuolar lipid metabolism (H. Neumann and A. Mayer, unpublished results), we analyzed whether the VTC complex would be required for the microautophagic invagination process.
We used an in vitro system that allows to quantify microautophagic uptake activity via the uptake of soluble firefly luciferase added to purified vacuoles . After the uptake reaction, the vacuoles are reisolated and protease-treated to remove residual luciferase from the vacuolar surface. Microautophagy is then quantified via the luciferase activity protected in the lumen of the vacuoles. We ran the in vitro luciferase uptake assays with vacuoles derived from deletion strains for the four Vtc genes. Vacuoles derived from all four knockout strains showed a significant reduction of microautophagic activity (Figure 1 ). The most severe reduction was observed for ⌬vtc1, ⌬vtc3, and ⌬vtc4 vacuoles, whereas ⌬vtc2 vacuoles showed a smaller effect. The different effects of the vtc2 and vtc3 mutations reflect the differential localization of the Vtc proteins (see below) and are due to the existence of isoforms of the VTC complex, one containing only Vtc1p/Vtc3p/Vtc4p and the other one only Vtc1p/Vtc2p/Vtc4p (H. Neumann and A. Mayer, unpublished observation).
Following an alternative strategy for testing the requirement of Vtc proteins for microautophagic vacuole invagination, we added affinity-purified antibodies to the in vitro assay in order to selectively inactivate Vtc proteins on the surface of wild-type vacuoles. We produced affinity-purified antibodies to Vtc3p and Vtc4p because deletion of Vtc3 and Vtc4 had shown strong effects in the in vitro assay (see Figure 1 ) and because Vtc1p, although its deletion also produced strong effects, is completely embedded in the membrane and hence barely accessible for antibody binding (Muller et al., 2002 . The resulting antibodies to Vtc3p and Vtc4p were specific for these proteins as tested by Western blotting of vacuolar preparations (Figure 2A ). The in vitro reaction was sensitive to affinity-purified antibodies to both Vtc3p and Vtc4p ( Figure 2B ). Inhibition was not observed with purified bulk antibodies (total IgGs derived from the same animal and prepared after depleting the specific antibodies from the serum by affinity chromatography).
The in vitro assay measures the end point of a microautophagic reaction, the formation of lumenal vesicles. Whether deletion of the Vtc genes already disrupts the ability to form vacuolar invaginations can be tested by quantifying autophagic tubes during starvation by means of fluorescence microscopy. Deletion of either gene had only minor effects on the frequency of autophagic tube formation upon starvation (Figure 3) , suggesting that the Vtc proteins should act in autophagic tube organization or vesicle scission rather than in forming the invagination. As a control we used nonstarved cells and atg knockout cells which showed reduced tube formation frequencies (Figure 3 and Muller et al., 2000) . Large integral membrane proteins are depleted from the tips of autophagic tubes where autophagic bodies pinch off. However, such proteins can be found along the invagination itself (Muller et al., 2000) in a gradient of particle density that is decreasing toward the tip. The VTC complex could thus be located or even enriched at the site of invagination. We tested this by electron microscopy and immunogold labeling of quick-frozen and freeze-substituted yeast cells. Ultrathin sections were stained with antibodies to Vtc3p or Vtc4p ( Figure 4A) , and the signals on vacuolar membranes and autophagic invaginations were quantified. (Figure 4B ). Both Vtc3p and Vtc4p were enriched about twofold on the membranes forming the invaginations versus the vacuolar boundary membrane.
We also analyzed living yeast cells expressing Vtc proteins with GFP-tags at their cytosolic N-termini (because at the C-termini they would be exposed to vacuolar proteinases; Muller et al., 2002) . These strains express GFP-Vtc fusion proteins as sole source of Vtc proteins. Vacuoles carrying the GFP-fusions showed considerable activity in the in vitro microautophagic reaction, suggesting that the tagged versions were largely functional for this reaction ( Figure 5A ). All GFP-Vtc fusions localized to the ER, marking the nuclear rim. In addition, we detected signals of similar strength in a not completely homogeneous pattern at the cell periphery. This should represent either peripheral ER and/or the plasma membrane. While all VTC proteins were detectable on vacuoles, only GFP-Vtc1p/3p/4p (but not GFP-Vtc2p) were enriched on them, in particular at the contact sites between vacuoles (vacuolar interfaces or vertices). On induction of autophagy (either by treatment with rapamycin or shift to SD(-N) starvation medium) the distribution of GFP-Vtc2p did not change significantly. In contrast, GFP-Vtc1p/3p/4p accumulated more strongly at the vacuolar membrane, at the expense of nonvacuolar localizations. In particular GFP-Vtc4p localized almost quantitatively to vacuoles under these conditions ( Figure 5B ) and became highly enriched also on vacuolar invaginations (Figure 5C ). As a control we used cells expressing a GFP-tagged form of another vacuolar membrane protein, the alkaline phosphatase Pho8p (Odorizzi et al., 1998) . GFP-Pho8p does not concentrate in invaginations upon treatment with rapamycin ( Figure 5C ). Thus, Vtc proteins are recruited to the vacuole and also to vacuolar invaginations upon nutrient limitation, supporting their role in microautophagy.
Calmodulin (Cmd1p) has a Ca 2ϩ -independent role in microautophagic vacuole invagination (Uttenweiler et al., 2005) . It is a 16-kDa protein that in yeast binds three calcium ions via EF hands and simultaneously undergoes a dramatic conformational change (Luan et al., 1987; Matsuura et al., 1991; Starovasnik et al., 1993; Yazawa et al., 1999) . Cmd1p is also involved in other cellular processes, such as organization of the actin cytoskeleton (Ohya and Botstein, 1994) , chromosome segregation during mitosis (Kao et al., 1990) , membrane fusion (Peters and Mayer, 1998; Burgoyne and Clague, 2003) , endocytosis (Kubler et al., 1994) , and nuclear division (Bachs et al., 1990) . Proximity between Cmd1p and Vtc4p had been shown previously by chemical cross-linking (Peters et al., 2001) . We hence tested whether the VTC complex could represent a bona fide target of calmodulin for microautophagy. Calmodulin binding often stabilizes proteins, e.g., estrogen receptors (Li et al., 2001) ; spectrin (Rotter (B) Sensitivity of in vitro microautophagy to Vtc antibodies. In vitro microautophagic reactions were run with various concentrations of affinity-purified antibodies (goat) to the indicated proteins. Vacuoles were preincubated with antibodies for 10 min on ice before starting the uptake reaction. Control antibodies are total IgG extracted from the sera by adsorption to protein A agarose after the specific antibodies to Vtc3p or Vtc4p had been completely depleted by affinity purification. Data from three independent experiments were averaged. Error bars, SD. (Wong et al., 2004) ; membrane-bound L-selectin (Kahn et al., 1998) ; growth factor precursors; the receptor tyrosine kinase TrkA; and the ␤-amyloid precursor (Diaz-Rodriguez et al., 2000) . If calmodulin binding influenced conformation or stability of the VTC complex in the membrane, it might be possible to distinguish between these different conformations by limited proteolysis. We tested this hypothesis for Vtc3p by running in vitro uptake reactions in the presence of the calmodulin inhibitors W-7 or ophiobolin A (Leung et al., 1988) . At the end of the reaction, vacuoles were washed, treated with chymotrypsin, and analyzed for proteolytic fragments by SDS-PAGE and Western blotting ( Figure 6A ). In the absence of chymotrypsin almost no fragments of Vtc3p were detectable, indicating that the protein was stable throughout the uptake reaction. A ladder of Vtc3p fragments was generated upon treatment with chymotrypsin. Pretreatment with ophiobolin A increased chymotrypsin sensitivity in comparison to the control sample (no Cmd1p antagonist), whereas W-7 stabilized Vtc3p. The differences in chymotrypsin sensitivity cannot be explained by effects of W-7 or ophiobolin A on the protease because the vacuoles were diluted and washed before limited proteolysis. This can leave only low concentrations of these chemicals during proteolysis (estimated for W-7: Ͻ2 M; ophiobolin A: Ͻ0.5 M) that do not influence chymotrypsin activity, as determined by a colorimetric activity assay run under identical buffer conditions as the proteolysis of the Vtc proteins (see Supplementary Information) . In addition we blotted against a membrane-bound internal control protein, the vacuolar t-SNARE Vam3p. Proteolytic sensitivity of Vam3p is not significantly altered by the inhibitors used ( Figure 6A ).
We also tested whether mutations in Cmd1p might influence VTC stability. Temperature-sensitive (ts) alleles for Cmd1p defined four intragenic complementation groups that affect four different essential calmodulin functions (Ohya and Botstein, 1994) . We have chosen one representative ts allele from each complementation group and tested their effect on stability of Vtc3p. Three out of four cmd1 ts mutants showed reduced Vtc3p contents, even if the cells were grown at permissive temperature ( Figure 6B ). For cmd1-226 the effect became more pronounced upon shift to restrictive temperature. However, cmd1ts vacuoles (except cmd1-233) contained wild-type levels of Vtc3p when cells were grown at permissive temperature, and cells were incubated in the protease inhibitor PMSF before vacuole extraction. Loss of Vtc3p should hence be due to increased proteolytic sensitivity rather than to missorting or reduced expression. At restrictive temperature, Vtc3p in cmd1ts mutants was destabilized even in presence of PMSF.
Because calmodulin was required independently of its ability to chelate Ca 2ϩ , we investigated whether the protective effect of Cmd1p on Vtc3p depended on Ca 2ϩ binding, using yeast strains expressing calmodulins with strongly reduced Ca 2ϩ affinities. These cmd1-5 (E31V, E67V, and E104V) and cmd1-6 (D20A, D56A, and D93A) mutants contain amino acid substitutions in each of the three calciumbinding domains of Cmd1p that remove groups coordinating Ca 2ϩ ions (Geiser et al., 1991) . Vacuoles from such mutants showed wild-type-like (cmd1-5) or slightly increased Vtc3p levels (cmd1-6) and no signs of proteolytic sensitivity ( Figure 6C ). Thus, Cmd1p is important for VTC complex stability, and this function does not depend on Ca 2ϩ binding. We tested whether there might be a direct interaction of the VTC complex with calmodulin using purified proteins. The cytosolic parts of Vtc2p, Vtc3p, and Vtc4p consist of an 
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Molecular Biology of the CellN-terminal SPX domain followed by a large hydrophilic central domain. To test which part of the Vtc proteins supports binding to Cmd1p, we expressed N-terminally His 6 -GST-tagged versions of the Vtc domains in E. coli and incubated increasing amounts of the cleared protein lysates with Cmd1p-Sepharose. Either central cytosolic Vtc domain (Vtc2p: amino acids 183-553, Vtc3p: amino acids 183-559, and Vtc4p: amino acids 183-487) was soluble and bound to Cmd1p-Sepharose in the presence and in absence of free Ca 2ϩ . The N-terminal SPX domain of Vtc4p (amino acids 9-176) did not bind ( Figure 7A ). The Cmd1p-interaction of the single central Vtc domains expressed in E. coli was weakened by ophiobolin A, ( Figure 7B ) but not by W-7. This is in accord with the differential effects of these compounds on VTC stability. It suggests that Vtc proteins are bona fide targets for calmodulin in microautophagy, and that they can interact directly with calmodulin. We also tested the calmodulin-Vtc interaction by immunoprecipitation from solubilized membranes using affinitypurified antibodies to Cmd1p. Both Vtc2p, Vtc3p, and Vtc4p The tagged open reading frames were expressed under control of a cointegrated ADH promotor. The cells were grown in log phase at 30°C in YPD and vacuoles were prepared at 30°C. In vitro microautophagic reactions were run with cytosol from starved wild-type cells (K91-1A) at 27°C. Data from four to six independent experiments were averaged. Error bars, SD (B and C). Confocal fluorescence microscopy. Yeast cells expressing GFP-Vtc or GFP-Pho8 proteins were analyzed in exponential growth in rich YPD media (B) or after induction of a starvation response (C) by 3 h of incubation in YPD/rapamycin (200 nM) or SD(-N) starvation medium. The GFP signals across the boundary membrane and autophagic tubes were quantified using ImageJ software. PM, plasma membrane; VM, vacuolar membrane; VI, vacuolar interface.
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Vol. 18, January 2007coimmunoprecipitated with Cmd1p ( Figure 7C ) in the presence of the Ca 2ϩ chelator EGTA, but less in the presence of Ca 2ϩ . In line with this, microautophagic uptake in vitro was stimulated by EGTA and inhibited by Ca 2ϩ (Uttenweiler et al., 2005 and data not shown). We also tested if the interaction between the Vtc proteins and Cmd1p is regulated by starvation. To this end we coimmunoprecipitated the Vtc proteins with Cmd1p from cells that had been incubated with 200 nM rapamycin ( Figure 7D ), which mimics starvation conditions. Coimmunoprecipitation was slightly weaker in the rapamycin-treated than in the untreated samples. However, this difference corresponded to a slight decrease of the Vtc content in the rapamycin-treated membranes, suggesting a degradation or lower expression of the Vtc proteins under these conditions. Thus, we found no indication for a regulation of the In vitro microautophagic reactions were run without any inhibitor (control) or with 400 M W-7 or 100 M ophiobolin A. After 1 h at 27°C, the reactions were chilled on ice and stopped by dilution with 600 l 150 mM KCl in PS buffer. Vacuoles were sedimented (6500 ϫ g, 6 min, 2°C) and resuspended in 500 l 150 mM KCl in PS buffer. Chymotrypsin was added to final concentrations as indicated and incubated for 10 min on ice. Digestion was stopped by chloroforme-methanol precipitation. Proteins were analyzed by SDS-PAGE and Western blotting against Vtc3p and the vacuolar SNARE protein Vam3p (control). (B) Temperature-sensitive mutants. Yeast cells were grown in log phase at 25°C in YPD. For heat-shock treatment part of the cultures were transferred to 37°C for 1 h. Cells were harvested and spheroplasted at 30°C (no heat shock) or at 37°C (heat shock) in presence or absence of 1 mM PMSF, and vacuoles were prepared. Vacuoles (50 g protein) were sedimented (20,000 ϫ g, 5 min, 2°C), resuspended in 25 l of sample buffer, heated to 95°C for 10 min, and analyzed by SDS-PAGE on a 10% gel and Western blotting against the Nterminal SPX-domain of Vtc3p or against the lumenal vacuolar protein Pho8p (alkaline phosphatase) as a loading control. (C) Mutants in the Ca 2ϩ -binding sites. Yeast cells were grown in log phase at 30°C in YPD, and vacuoles were prepared at 30°C. Vacuoles (30 g of protein) were sedimented (20,000 ϫ g, 5 min, 2°C), resuspended in 25 l of sample buffer, heated to 95°C for 10 min, and analyzed as in B. E. coli lysates containing His 6 -GST-Vtc domains were incubated with Cmd1p-Sepharose in TBS buffer containing 1 mM EGTA or 1 mM Ca 2ϩ . Beads were washed once in binding buffer, and proteins were eluted by heating in sample buffer and analyzed by SDS-PAGE and Western blotting using an antibody to the His 6 -tag. The "lysate" lane shows 25% (Vtc2p), 12.5% (Vtc4p and N-term. Vtc4p), or 6.5% (Vtc3p) of the amounts incubated with the beads. (B) Inhibitor sensitivity of Cmd1p binding. E. coli lysates containing the central His 6 -GST-Vtc domains were incubated with Cmd1p-Sepharose in the presence of 1 mM EGTA or 1 mM Ca 2ϩ as in A. The beads had been preincubated for 10 min at room temperature with TBS buffer (control), 400 M W-7 or 200 M ophiobolin A (final inhibitor concentrations during adsorption). Proteins bound to the beads were analyzed as in A. (C) Coimmunoprecipitation from native membranes. Total cellular membranes (1-2 mg/ml) derived from a BY4742 wild-type strain were prepared and solubilized in CHAPS. Samples were incubated with 20 l of protein A agarose beads alone (beads) or protein A agarose beads and 20 g affinity-purified anti-Cmd1p antibodies (anti-Cmd1p-beads) in the presence of 1 mM Ca 2ϩ or 2 mM EGTA for 1.5 h at 4°C on a rotator. The beads were washed and proteins were eluted by heating in sample buffer. Vtc proteins were analyzed by SDS-PAGE and Western blot. Loads are 0.5% (Vtc2p) and 1% (Vtc3p and Vtc4p) of the material incubated with the beads. (D) Coimmunoprecipitation of VTC complex with calmodulin in dependence of rapamycin. Yeast cells were cultured in the presence of 200 nM rapamycin for 3 h at 30°C (control: without rapamycin) and membranes were prepared. Immunoprecipitation was carried out as described in C in the presence of 2 mM EGTA. Vtc proteins were analyzed by SDS-PAGE and Western blot. Loads are 0.5% of the material incubated with the beads. Vtc-Cmd1p interaction by starvation. This correlates with our ealier observation that calmodulin appears not to fulfill a Ca 2ϩ -dependent regulatory function in microautophagy (Uttenweiler et al., 2005) .
The EGO (exit from rapamycin-induced growth arrest) complex (composed of Ego1p, Gtr2p, and Ego3p) is needed for exit from stationary phase after rapamycin treatment and for growth in low rapamycin concentrations (Dubouloz et al., 2005) . EGO mutants also show defects in microautophagy. This poses the question whether a defect in microautophagy blocks stationary phase exit or whether microautophagic defects are rather a consequence of the block of stationary phase exit and/or the lack of EGO function. If microautophagy per se were required for stationary phase exit also other mutants with microautopagic defects should show similar phenotypes as EGO complex mutants. Therefore, we tested rapamycin-sensitive growth of VTC and EGO complex mutants. ⌬vtc cells were spotted onto YPD plates containing 11 nM rapamycin, which is subinhibitory for growth of wild-type cells. All ⌬vtc strains grew well on low rapamycin, whereas the EGO mutant ⌬gtr2 did not ( Figure 8A ). Also in the in vitro system hypersensitivity of the EGO complex knockout strains to rapamycin could not be observed: We ran standard uptake reactions in the presence of increasing concentrations of the drug (up to 25 M). All EGO complex mutants showed moderately reduced uptake activity ( Figure 8B ), which was as sensitive to increasing concentrations of rapamycin as that of wild-type vacuoles. In all of the EGO complex mutant vacuoles the content of Vtc3p was reduced in comparison to vacuoles derived from the wild-type strain, even when vacuoles were prepared in the presence of 1 mM PMSF ( Figure 8C ). The reduced uptake activities correlated well with this reduction in Vtc3p abundance, suggesting that there may not be a direct effect of the EGO complex on in vitro microautophagy under the conditions used.
Our results suggest that the events leading to rapamycin hypersensitivity of cell proliferation in EGO complex mutants may differ from those that are responsible for inhibiting the late steps of microautophagy and that are accessible in our in vitro system. We can reconcile the observed effects with a model in which rapamycin affects two steps of microautophagy: The first one may be an early EGO-dependent signaling event that desensitizes cell proliferation against low rapamycin concentrations. This event precedes microautophagic membrane invagination and may influence stability, abundance and/or activity of the Vtc proteins (and possibly other factors). The second step is fission of autophagic bodies, which is Vtc-dependent and sensitive to high rapamycin concentrations but not directly dependent on the EGO complex. We assume that the early signaling function may not be reproduced by our in vitro system in its present form. It may, however, well be responsible for the effects of the EGO complex on microautophagy and vacuolar Vtc3p abundance in the living cell.
DISCUSSION
The Vtc proteins form high-molecular-weight complexes that are enriched at the vacuolar membrane, but also localize to other cellular compartments (Cohen et al., 1999; Ogawa et al., 2000; Muller et al., 2003;  Figure 5B ). Vtc proteins have been implicated in several membrane-related processes, such as sorting of H ϩ -translocating ATPases, endocytosis, ER-Golgi trafficking, vacuole fusion, and vacuolar polyphosphate homeostasis (Cohen et al., 1999; Johnson, 2000, 2001; Nelson et al., 2000; Ogawa et al., 2000; Muller et al., 2002 Muller et al., , 2003 . In this study we demonstrate a role of Vtc proteins for the microautophagic scission of vesicles into the vacuolar lumen.
So far, the question of the physiological relevance of microautophagy could not be definitely answered. The EGO complex is necessary for cells to exit stationary phase after rapamycin treatment (Dubouloz et al., 2005) . However, rapamycin treatment in EGO complex knockout cells comes along not only with defects in induction of microautophagy but also with a dramatic decrease of overall protein synthesis (Dubouloz et al., 2005) . In addition, recent data show that the EGO complex components have a further role in sorting of the amino acid permease Gap1p (and possibly other proteins) in response to nutrient availability (Gao and Kaiser, 2006) . These data in combination with ours suggest that the EGO complex controls multiple cellular processes. Future analyses will be necessary to dissect whether the roles of the EGO complex in microautophagy, in protein synthesis, or in protein sorting cause the defects in recovery after rapamycin treatment. In this work we present mutants (i.e., the VTC complex knockout cells) that are impaired in Microautophagic activity in vitro. In vitro microautophagy reactions were run without inhibitor (control) or in the presence of different concentrations of rapamycin. Data from three to seven independent experiments were averaged. Error bars, SD. (C) Vtc3p in vacuolar preparations. Yeast cells were grown in log phase at 30°C in YPD and vacuoles were prepared with 1 mM PMSF in the spheroplasting buffer. Vacuoles (33 g protein) were pelleted (20,000 ϫ g, 5 min, 2°C) and analyzed as in Figure 6B . microautophagy but still can grow in the presence of the drug rapamycin. The microautophagic process itself may hence be dispensable for leaving the stationary and reentering the exponential growth phase. This suggests that microautophagy could be simply a means to compensate macroautophagic membrane influx after starvation and thereby regulate organellar size and lipid composition rather than being the mechanism responsible for cell recovery after exposure to rapamycin.
The interaction of calmodulin with the VTC complex suggests this complex as a bona fide target of calmodulin for micoautophagic vacuole invagination. We cannot, however, exclude that other calmodulin-binding proteins participate in the reaction. This will require identification and mutation of the calmodulin-binding site on the VTC proteins. This is not trivial because calmodulin can bind its targets in numerous different binding modes that are difficult to predict, as exemplified by the recent cocrystallization of Cmd1p with the adenylyl cyclase domain of CyaA or anthrax edema factor (Guo et al., 2005) : 49 residues of CyaA form a network of interactions with 70 residues of calmodulin. Not a single one of these 49 CyaA residues is conserved on endema factor, although both proteins interact with calmodulin via analogous "H helices," which contact the same residues on Cmd1p. Furthermore, there is growing evidence that Cmd1p can bind motifs other than ␣-helices. Systematic experimental analysis of the Vtc-Cmd1p complex interaction will hence be necessary. Current efforts in the lab to determine the crystal and NMR structure of the Vtc proteins bound to different ligands should be helpful in this regard.
Structural characterization may also resolve the apparent paradoxon that the calmodulin antagonist W-7 inhibits in vitro microautophagy (Uttenweiler et al., 2005) but does not disrupt the Vtc-Cmd1p interaction. Cmd1p might bind Vtc proteins in a conformation that is not influenced by W-7, or W-7 may alter the apo-conformation to partially resemble the Ca 2ϩ -loaded state. The latter is not unlikely because Ca 2ϩ binding shifts calmodulin from a closed to an open conformation (Kuboniwa et al., 1995; Zhang et al., 1995) creating two hydrophobic pockets (Babu et al., 1985; Kretsinger et al., 1986) , which are essential in Ca 2ϩ -dependent interactions but not for Ca 2ϩ -independent ones (Ikura et al., 1992; Meador et al., 1992 Meador et al., , 1993 . W-7 binds and blocks these pockets and might, in turn, also stabilize the conformation showing the pockets, thus locking the Vtc-Cmd1p complex in a conformation that partially resembles the Ca 2ϩ -bound state. This state is expected to be less active because the presence of Ca 2ϩ ions retards rather than stimulates in vitro microautophagy (Uttenweiler et al., 2005) .
